We present a general method for retrieving time-series of three component surface velocity field vector given a set of continuous synthetic aperture radar (SAR) acquisitions collected from multiple geometries. Our algorithm extends the single-line-of-sight mathematical framework developed for time-series analysis using interferometric SAR (InSAR) to three spatial dimensions. The inversion is driven by a design matrix corresponding to a dictionary of displacement functions parameterized in time. The resulting model minimizes a cost function using a non-regularized least-squares method. We applied our method to Rutford ice stream (RIS), West Antarctica, using a set of 101 multi-track multiangle COSMO-SkyMed displacement maps generating azimuth and range pixel offsets.
INTRODUCTION
In the last 25 years Synthetic Aperture Radar (SAR) based geodetic measurements such as interferometric SAR (InSAR) and pixel offsets (PO) became a widely used tool for monitoring geophysical and anthropogenic phenomena [1, 2] . Series of InSAR and PO deformation maps are usually combined in time-series of deformation [3, 4] representing the projection of the 3D displacement vector across-track (onto the sensor line-of-sight (LOS) direction) for InSAR and PO (in the range direction) or along-track for PO (in the azimuth direction) and multiple aperture interferometry (MAI) measurement.
The increase in available SAR data from multiple sensors combined with the ability to monitor the Earth's land surface with decreasing revisit time provides the potential to analyze a variety of short timescale natural and anthropogenic processes that were previously inaccessible [5, 9] . In some cases, these capabilities requires one to extend single-LOS methods to two or three spatial components [10] . Several approaches merge combinations of datasets from ascending and descending orbits combining InSAR with PO or MAI observations in order to reconstruct the complete 3 component vectors [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
Here we present a method for inferring time-dependent 3D surface velocity fields from a suite of synthetic aperture radar (SAR) acquisitions collected from multiple geometries at different times. Our algorithm extends the single line-of-sight framework developed for time-series analysis using interferometric SAR (InSAR) to three spatial dimensions. The inversion relies on a dictionary of temporal displacement functions. The resulting model minimizes a cost function using a non-regularized least-squares method. We applied our method to RIS using a set of 101 multi-track, multi-angle COSMO-SkyMed (CSK) observations of azimuth and range pixel offsets. We focus on the special case where surface velocities can be represented by a 3D secular velocity and a family of sinusoidal functions whose periods are known a priori from GPS observations. SAR measurements provide coverage of ground deformation at spatial scales not reasonably accessible with in situ measurements such as GPS. SAR satellites are also capable of acquiring data in remote areas where optical sensors may be ineffective due to darkness or atmospheric conditions. Constellations, such as CSK, provide a reduced revisit time and high spatial resolution (up to 1 m), leading to high measurements accuracy and tight constraints on fast moving processes such as ice streams. Due to decreasing repeat acquisition intervals and reduced latency in data availability, SAR techniques are now beginning to provide effective short-term monitoring that will improve the understanding of the evolution of glaciers and ice sheets and address several key issues, including:
How grounding zones migrate on timescales characteristic of ocean tides and what role does any migration play in ice-stream-scale flow [28] [29] [30] [31] . II.
How stresses are transmitted over long distances (tens of km) upstream of the grounding line on hourly timescales [32] . III.
What are the roles of variations in basal water pressure and subglacial till rheology on ice-stream-scale flow [33] 
METHODS
The algorithm is based on a mathematical scheme already developed for multi-scale InSAR time series analysis [34] in the single LOS domain using either pixel-by-pixel or wavelet decompositions in the space domain. We consider a set of N images acquired at times (t 1… t n ) combined in M displacement maps. We assume a pixel offsets measurement is available both in range and azimuth directions for every displacement map. Given the physical nature of the observed deformation [33, 35] we consider only a secular velocity augmented by a set of k sinusoidal functions. A single pixel offset map over timespan Δt i,j = t j -t i can be written as:
where the incidence-like matrix is given as:
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